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Muzzle ﬂowsAbstract Numerical investigations on the launch process of a gun-launched missile from the muz-
zle of a cannon to the free-ﬂight stage have been performed in this paper. The dynamic overlapped
grids approach are applied to dealing with the problems of a moving gun-launched missile. The
high-resolution upwind scheme (AUSMPW+) and the detailed reaction kinetics model are adopted
to solve the chemical non-equilibrium Euler equations for dynamic grids. The development process
and ﬂow ﬁeld structure of muzzle ﬂows including a gun-launched missile are discussed in detail.
This present numerical study conﬁrms that complicated transient phenomena exist in the shortly
launching stages when the gun-launched missile moves from the muzzle of a cannon to the free-
ﬂight stage. The propellant gas ﬂows, the initial environmental ambient air ﬂows and the moving
missile mutually couple and interact. A complete structure of ﬂow ﬁeld is formed at the launching
stages, including the blast wave, base shock, reﬂected shock, incident shock, shear layer, primary
vortex ring and triple point.
ª 2015 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The gun-launched missile1–3 is a special missile launched by
tank or cannon. It can obtain a high initial velocity by cannon
and then use rocket engine to further accelerate. Compared
with the general projectile and missile, the gun-launched mis-
sile has many advantages such as reducing launch cost,
improving hitting accuracy and extending ﬁring range, which
is a rapid developing guided weapon in recent years.The muzzle ﬂows induced by a general projectile moving
from the muzzle of a cannon to the free-ﬂight stage are a com-
plex blast ﬂow ﬁeld, which have the characteristics of unsteady
ﬂow, strong shock discontinuity and severe chemical reactions.
Several wave phenomena are deﬁned, such as blast wave, inci-
dent shock, reﬂected shock, and Mach disk. It is important to
study the mechanism of muzzle ﬂows to improve or increase
the efﬁciency of weapon. There have been many investigations
about muzzle ﬂow4–10 in the past years. For instance, Cler8
adopted the Fluent 6.1 solvers and discontinuous Galerkin
(DG) solver to simulate the muzzle ﬂows without a projectile.
Shock waves’ dynamics process of themuzzle ﬂows was numeri-
cally visualized in detail through special treatment on the mov-
ing cylinder projectile in the shock wave tube by Jiang and
Takayama.9 In the previous numerical simulation studies of
muzzle ﬂows, the majority of researchers did not consider the
muzzle ﬂows affected by the high-speed moving projectile. In
386 C. Zhuo et al.the calculation process, it is needed not only to deal with the
complex shock discontinuity, but also to consider computa-
tional grid changes due to the high-speed moving projectile,
which led to complicated calculation process. At the same time,
they did not consider the real propellant gas and just assumed
that the real propellant gas in the cannon tube to be air, which
was the same as external ambient air. They also ignored the
chemical reactions between the real propellant gas and the
external air. Although the calculation was simpliﬁed, the accu-
racy was insufﬁcient and could only estimate the ﬂow ﬁeld. In
order to accurately study the muzzle ﬂows induced by a super-
sonic projectile moving from the muzzle of a cannon to the free-
ﬂight stage, the muzzle ﬂows affected by the real high-speed
moving projectile and the propellant gas must be considered.
However, according to the published literature, a study of
the muzzle ﬂows including a gun-launched missile is not nearly
performed. After all, it is difﬁcult to study this process and
obtain data by experimental methods since the gun-launched
missile moves from the muzzle to the surroundings in any
extremely short time. On the other hand, due to the rising cost
of experimental measurements together with limited experi-
mental facilities and testing technology, it is of great signiﬁ-
cance to establish a reasonable and accurate calculation
method for muzzle ﬂows including a gun-launched missile.
For a moving body ﬂow problem, the computational grids
must move with the body. The most straightforward approach
is to deform the computational grid locally using a spring-anal-
ogy type algorithm to follow the motion of the moving body.11
This approach is very efﬁcient because it does not require solu-
tion interpolation, but a disadvantage of the approach is that
the grid integrity can be destroyed by large motions or shear-
type of boundary motions. The dynamic overlapped grids
approach seems to be the state-of-the-art in handling moving
boundary problems and has been used successfully for a variety
of applications.12–14 The dynamic grids are generated ﬁrst near
the moving body and the static grids are generated for back-
ground overlapped with the dynamic grids. With the motion
of moving body, the dynamic grids move with the moving body
on the static background grids. It is demonstrated that this
approach dealing with moving body is accurate and efﬁcient.
The present study aims at establishing a reasonable and
accurate calculation method for muzzle ﬂows including a gun-
launched missile in conjunction with the chemical reactions.
The dynamic overlapped grids’ approach are applied to dealing
with the problems of a gun-launched missile. The high-res-
olution upwind scheme (AUSMPW+) and the detailed reac-
tion kinetics model are adopted to solve the ALE (Arbitrary
Lagrangian Eulerian) Euler equations with chemical reactions.
A special case is chosen for the validation of the numerical algo-
rithms. After checking the accuracy of the numerical algo-
rithms, the case of the muzzle ﬂows including a gun-launched
missile is simulated. Using the numerical results, the develop-
ment process of muzzle ﬂows including a gun-launched missile
is visualized numerically and discussed in detail.2. Mathematical method
2.1. Governing equations
Assuming that the muzzle ﬂows in the present study are two-
dimensional axisymmetric during the short time duration whilethe gun-launched missile moves from the muzzle of a cannon
to the free-ﬂight stage, the time-dependent ALE Euler equa-
tions with chemical non-equilibrium are expressed in the inte-
gral form as
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where S is the surface surrounding the control volume V,
n= nxi+ ny j the out-going unit normal of S, Q the vector
of the conservative variables, H1 the vector of source term
caused by chemical reactions, and H2 the vector of source term
caused by axial symmetry, F, G are the vectors of the convec-
tive ﬂux. Here, Q, F, G, H1, H2 are given by
Q¼ q qu qv E qfi½ T
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where q is the density, p the pressure, and fi the mass fraction
of species i; u, v are the velocity components of ﬂuids, uw, vw
the moving velocity components of the surface S. The sub-
scripts i ¼ 1; 2;    ;N 1, where N is the total number of spe-
cies. xi given by the chemical reaction kinetic model is the
mass production rate of species i:
xi ¼ Mi
XN
j¼1
ðbij  aijÞðRfj  RbjÞ ð3Þ
where Mi is the molar mass of species i; Rfj and Rbf are the
positive reaction rate and the reverse reaction rate of elemen-
tary reaction, respectively, aij and bij the stoichiometric coefﬁ-
cients of species i in the jth elementary reaction; N is the total
number of elementary reaction.
The total energy E is deﬁned as
E ¼ qh pþ 1
2
qðu2 þ v2Þ ð4Þ
where h is the speciﬁc enthalpy of the gas mixture.
2.2. Numerical methods
In order to improve the accuracy of spatial discretization, we
should reconstruct the primitive variables before computing
the convection ﬂux quantities of the governing equation using
upwind scheme.
In the computational domain of structured grid, the non-
oscillatory and non-free-parameter dissipation (NND)
scheme15 is used. In the computational domain of unstructured
grid, the reconstruction method in Ref. 16 presented by Barth
and Jespersen is used in this study.
Convection ﬂux quantities are computed by using the
AUSMPW+ scheme17 with reconstructed state primitive vari-
ables on both sides of a face, after completing the reconstruc-
tion in the cell interface. AUSMPW+ scheme has higher
resolution in capturing oblique shocks than any other
AUSM-type scheme. Furthermore, the AUSMPW+ scheme
is more efﬁcient to implement than AUSMPW while maintain-
ing the same level of the robustness and accuracy.
Development process of muzzle ﬂows including a gun-launched missile 3872.3. Chemical reaction kinetic model and numerical stiffness
One of the keys to determine the success of chemical non-equi-
librium ﬂow simulation is the chemical reaction kinetic model.
In the current work, the chemical reaction kinetic model of
carbon monoxide oxidation involves 8 species (CO, H2, O2,
CO2, H2O, H, OH, O), 1 inert specie (N2) and 12 elementally
reactions steps,18 which are shown in Table 1.
In the chemical reaction ﬂow ﬁled, the characteristic chemi-
cal time schem is much smaller than the characteristic ﬂow time
sﬂow, meaning the Damkohler number (Da= sﬂow/schem) is
much larger than 1, and then the stiff problem is formed.
The time-operator splitting algorithm19 is used to deal with
the stiff problem.
3. Principle of dynamic overlapped grid and computational
model
Dynamic overlapped grids approach mainly includes two
parts. The ﬁrst one is that the computational domain is divided
into multiple overlapped subdomains, and the inside and out-
side boundaries of the overlapped subdomains are given. The
second one is that the ﬂow information is exchanged among
the subdomains. This exchange process uses the fourth-order
interpolation scheme20 that the interpolation accuracy of this
method is sufﬁcient. In an entire time step ‘‘dt’’ (from tn to
tn+1), the ﬂow parts and chemical reaction parts are needed
to solve. Once the calculations in this time step is completed,
the ﬂow information will be exchanged among the overlapped
subdomain, and the location of dynamic overlapped subdo-
main will also be updated. In the present work, two sets of grid
systems are established to compute the muzzle ﬂows: the static
background grid describing the cannon tube and the surround-
ings near the cannon, and the dynamic grid around the missile
describes its high-speed movement. In order to adapt to the
complex shape of the head of the missile, an unstructured grid
is used to describe the head of missile. The overall computa-
tional domain of muzzle ﬂows including a gun-launched mis-
sile is shown in Fig. 1. The diameters of the missile and the
cannon tube are both 155 mm, the length of cannon tube isTable 1 Chemical reaction kinetic model of CO–H2–O2
system.
Detailed reaction A b E
H+O2M OH+ O 1.2 · 1017 0.91 69.1
H2 + OM OH+H 1.5 · 107 2.0 31.6
O + H+MM OH+M 1.0 · 1016 0 0
O + O+MM O2 +M 1.0 · 1017 1.0 0
H+ H+MM H2 +M 9.7 · 1016 0.6 0
H2O+MM H+OH+M 1.6 · 1017 0 478.0
O + H2OM OH+ OH 1.5 · 1010 1.14 72.2
OH+ H2MH2O+ H 1.0 · 108 1.6 13.8
H2 + O2M OH+OH 7.94 · 1014 0 187.0
CO+ OHM CO2 + H 4.4 · 106 1.5 3.1
CO+ O+MM CO2 +M 5.3 · 1013 0 19.0
CO+ O2M CO2 + O 2.5 · 1012 0 200.0
Notes: Arrhenius form is Kf ¼ ATb expðE0=ðR0TÞÞ, b the tem-
perature index, E0 the activation energy, R0 the speciﬁc gas con-
stant, the unit of factor A is (cm3/mol)n1Æs1, where n is the
chemical reaction progression; and M the third body collision.6 m, the right boundary of the computational domain is 5 m
downstream from the cannon, and the distance between the
top boundary of the computational domain and the sym-
metrical axis is 3 m. According to the symmetry, only half of
the physical model needs to be calculated.
For this paper, to reduce the computational time, instead of
considering the motion of gun-launched missile in the cannon
tube, the calculation starts when the bottom of gun-launched
missile leaves the muzzle of a cannon. The gun-launched mis-
sile moves outside the cannon according to Newton’s second
law of motion. The time when the bottom of gun-launched
missile leaves the muzzle of a cannon is deﬁned as t= 0 s,
and the relative position between the gun-launched missile
and the cannon at t= 0 s is shown in Fig. 2. According to
the law of interior ballistics of the cannon, the velocity of
the propellant gas in the cannon tube linearly varies with dis-
tance. The velocity of the propellant gas at the bottom of can-
non is zero, while the velocity of propellant gas in the muzzle
of a cannon is V0 = 900 m/s, which is equal to the initial veloc-
ity (launching velocity) of gun-launched missile when the gun-
launched missile leaves the muzzle of a cannon. The tempera-
ture of the propellant gas is 2000 K and the pressure is
p0 = 60 MPa. The total temperature and total pressure of
the rocket gas injected from the bottom of missile are
2200 K and 10 MPa, respectively. The composition and mass
fraction of the propellant gas and rocket gas are shown in
Table 2. Besides the rocket gas boundary, there are two other
boundary conditions, the solid and free boundaries. The for-
mer includes static solid boundary (i.e., the inner and outer
surfaces of the cannon tube) and the moving solid boundary
(i.e., surfaces of the missile). Both of these are assumed as slip
boundary, i.e., the normal velocity component of the static
solid boundary is zero, while that of the moving solid is equal
to the component of the moving missile. Since the latter (free
boundary) is only affected by the interior, its interface ﬂux is
always equal to the ﬂux of the cell-centered values. The axially
symmetric boundary is the same as a static solid boundary
because the solid boundary is a slip boundary.
At the initial time t= 0 s, the ambient air conditions near
the cannon are at pa = 101325 Pa and Ta = 293 K. TheFig. 1 Schematic of overall computational domain.
Fig. 2 Relative position between missile and cannon at t= 0 s.
Table 2 Composition and mass fraction of propellant gas and
rocket gas.
Gas CO H2 CO2 H2O N2
Propellant 0.5138 0.0157 0.2153 0.1293 0.1259
Rocket 0.3402 0.0241 0.3228 0.1627 0.1502
388 C. Zhuo et al.composition and mass fraction of air are N2-0.77 and O2-0.23,
respectively.
4. Validating numerical algorithms
The case for validating the dynamic overlapped grids approach
and numerical solutions of chemical non-equilibrium ﬂows is
the oblique detonation combustion ﬂows induced by
hypervelocity sphere in a combustible gas, which is a moving
boundary problem of a sphere traveling at V= 2605 m/s
through a stationary H2/Air mixture gas (Case A). This case
can be simpliﬁed to a two-dimensional axisymmetric model.
Its computational domain is shown in Fig. 3 (L1 = 0.18 m,
L2 = 0.04 m, L3 = 0.02 m, L4 = 0.04 m). The unstructured
grid domain around the sphere can move on the stationary
background structured grid domain, and the stationaryFig. 3 Schematic of computational domain of validating case.
Fig. 4 Computed pressure cbackground grid overlapped with dynamic unstructured grid
is not involved in the calculation and display (Fig. 3 is only
a schematic diagram and the computational domain of the
actual calculation is larger and the grid is ﬁner). The unstruc-
tured grid domain consists of triangular cells, with node num-
ber of 24929 and cell number of 74125. The structured grid
domain consists of rectangle cells that the scale of cell is
0.15 mm · 0.15 mm. The time step dt solving governing equa-
tions is 1.0 · 108 s.
After the initial transients, the ﬂow ﬁeld around the moving
sphere should settle down and become ‘‘steady’’ with respect to
the sphere. A major feature of this ﬂow ﬁeld is an oblique det-
onation wave in front of the moving sphere. For comparison
purpose, this simulation is also run in the steady mode (Case
B). The detailed conditions in Case A are as follows: the veloc-
ity of the moving sphere is 2605 m/s and the radius of sphere is
R= 0.0075 m. The H2/Air mixture gas has a mixture ratio of
2H2 + O2 + 3.76N2, a velocity of V1 = 0 m/s, a pressure of
p1 = 46626 Pa and a temperature of T1 = 286.6 K. The
detailed conditions in Case B are as follows: the stationary
sphere is ﬁxed on a location in the stationary grid. The H2/
Air mixture gas has a mixture ratio of 2H2 + O2 + 3.76N2,
a velocity of V1 = 2605 m/s, a pressure of p1 = 46,626 Pa
and a temperature of T1 = 286.6 K. In the current case, the
chemical reaction kinetic model of hydrogen oxidation mecha-
nism with 6 species (H2, O2, H2O, H, OH, O), 1 inert specie
(N2) and 8 elemental reactions
21 is used.
For the moving body simulation, a sequence of pressure
contours at the corresponding times is shown in Fig. 4. Note
that a bow shock is generated from the wall when the sphere
starts to move. Finally the bow shock remains at a ﬁxed loca-
tion relative to the sphere. The pressure contours from both
the moving body simulation (Case A) and the steady state sim-
ulation (Case B) are compared in Fig. 5, which also show the
comparison with the experimental data of Lehr.22 In addition,
as can be seen in Figs. 6 and 7, the present computational
results along the stagnation streamline agree very well with
those in Refs.23,24. In a word, this case indicates that the
implementation of dynamic overlapped grids is successful and
the numerical method for solving chemical non-equilibrium
ﬂows is also accurate and reliable.ontours at different times.
Fig. 5 Comparison between computed front of detonation wave
and experimental reference (upper(y> 0): Case A; lower(y< 0):
Case B).
Fig. 6 Distribution of pressure and temperature along stagna-
tion streamline.
Fig. 7 Distribution of mass fraction along stagnation streamline.
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5.1. Development process of muzzle ﬂows with gun-launched
missile
After gun-launched missile leaves the muzzle of the cannon,
the propellant gas with high temperature and high pressure
in the cannon tube is suddenly released and rushes out.
Simultaneously, the propellant gas ﬂows, the initial environ-
mental ambient air ﬂows, and the moving missile mutually
couple and interact. As can be seen in Table 2, the composition
and mass fraction of propellant gas, rocket gas and the exter-
nal air are different, so the mass fraction of H2 is chosen as a
validation that reﬂects the distribution of propellant gas. The
numerical results are presented in a time sequence in Figs. 8–
12. Although only the upper half of the physical model is cal-
culated, for better observation, the numerical results of the
overall physical model are shown according to the symmetry.
Fig. 8 shows the ﬂow ﬁeld at t= 0.5 ms. When the gun-
launched missile is just released from the muzzle of cannon,
the propellant gas quickly propagates into the external ambi-
ent air and starts to expand and accelerate, leading to a
decrease of temperature and an increase of Mach number.
The base shock is generated because the velocity of the
accelerating propellant gas is much greater than the moving
velocity of gun-launched missile. At the same time, the moving
velocity of missile relative to the ambient air in external
environment is supersonic, resulting in the generation and
gradual stability of the bow shock at the head of the missile.
However, because the temperature of the bow shock is much
lower than that of the propellant gas, the bow shock cannot
be clearly found in temperature contours and Mach number
contours. In addition, due to the obstruction of both the ambi-
ent air in external environment and the gun-launched missile,
the blast wave driven by the propellant gas mainly propagates
along the radial direction with an annulus-like shape, and the
incident shock and Mach cone that gradually develops into
Mach disk is generated. There exists a high-temperature zone
near the contact surface (between the propellant gas and the
external air), which results from the secondary combustion
of the CO/H2 in the propellant gas with the O2 in the external
air.
A typical jet ﬂow structure is observed in Fig. 9 at
t= 1.5 ms. The bottom of the gun-launched missile moves
through the Mach disk, and the base shock disappears as the
gas ﬂow behind the Mach disk is in subsonic zone.
Meantime, a complete structure of ﬂow ﬁeld is formed, includ-
ing the blast wave, base shock, reﬂected shock, incident shock,
shear layer, primary vortex ring and triple point. As can be
seen from the distribution of the mass fraction of H2, the
rocket gas containing H2 has injected from the bottom of
gun-launched missile and interacts with the propellant gas.
According to Fig. 10, at t= 2.5 ms, with the propagation
of the blast wave, the blast wave goes into a decay period,
and the axial velocity of the propagation of the blast wave
rapidly decreases so that it is less than the moving velocity
of gun-launched missile. Then the gun-launched missile will
move through the blast wave. In addition, it is also observed
that the high-temperature zone near the contact surface disap-
pears, indicating that the degree of the secondary combustion
near the contact surface weakens gradually. The reason for the
Fig. 8 Contours of temperature, Mach number and mass fraction of H2 at t= 0.5 ms.
Fig. 9 Contours of temperature, Mach number and mass fraction of H2 at t= 1.5 ms.
Fig. 10 Contours of temperature, Mach number and mass fraction of H2 at t= 2.5 ms.
390 C. Zhuo et al.secondary combustion weakening gradually is that both the
concentration of combustible gas (including the CO and H2)
in the propellant gas and pressure near the contact surface
gradually decrease with the propagation of the propellant gas.
With the continuous motion of gun-launched missile, as
shown in Figs. 11 and 12 at t= 3.5–4.5 ms, the gun-launchedmissile has moved through the blast wave and goes to free-
ﬂight stage. The ﬂow ﬁeld around the gun-launched missile
can be approximately treated as a steady state. However, the
rocket gas injected reversely from the bottom of gun-launched
missile interacts with the blast wave and leads to the boundary
shape of rocket gas change. In addition, the jet ﬂow ﬁeld
Fig. 11 Contours of temperature, Mach number and mass fraction of H2 at t= 3.5 ms.
Fig. 12 Contours of temperature, Mach number and mass fraction of H2 at t= 4.5 ms.
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gradually converge toward the central axis and the diameter
of the Mach disk gradually decreases.
5.2. Base ﬂow ﬁled of gun-launched missile
Fig. 13 shows the velocity distribution along the central axis
between the muzzle and the bottom of missile at differentFig. 13 Velocity distribution along center axis between muzzle
and bottom of missile.time instants. From the curve of velocity distribution at
t= 0.5 ms and t= 1.0 ms, there exists a position ‘‘1’’, where
the velocity sharply drops. Because the Mach disk is not
completely formed at this time, the position ‘‘1’’ is produced
by the base shock. It can also be seen that the velocity of the
gas near center axis of missile bottom ‘‘2’’ is still positive,
meaning that the rocket gas hardly rushes out of the missile
because the ﬂow ﬁled of the missile bottom is in high pressure
zone.
At t= 1.5 ms, the position ‘‘3’’ that the velocity sharply
drops in the curve is produced by the Mach disk because the
Mach disk is completely formed after the missile bottom
moves through Mach disk. It can also be seen that the center
axial velocity of gas at the missile bottom ‘‘4’’ is negative
and small, indicating that the rocket gas has rushed out of
the bottom of missile and then injects reversely into the propel-
lant gas zone.
From the curve of velocity distribution at t= 2.0 ms and
t= 2.5 ms, it can be seen that the trend of the velocity is quite
complex, and the velocity of gas along center axis at x> 1.5 m
is negative. In order to clearly understand the ﬂow ﬁeld, the
local enlargement of Temperature contour and streamline in
the ﬂow ﬁeld at t= 2.5, 3.5, 4.5 ms are shown in Fig. 14.
According to Fig. 14(a), the rocket gas which is reversely
injected interacts with the propellant gas at x= 1.4 m.
Meanwhile, a recirculation zone is formed by the rocket gas
due to the obstacle of propellant gas and its center axis ranges
from about x= 1.4–2.0 m.
Fig. 14 Local enlargement of temperature contour and streamline.
392 C. Zhuo et al.According to the curve of velocity distribution at
t= 3.5 ms, the rocket gas interacts with both the propellant
gas and the blast wave and the center axial velocity in several
positions is zero. As shown in Fig. 14(b), the ﬂow ﬁeld near
the interaction position where the rocket gas interacts with
blast wave is quite complex, and the boundary shape of the
rocket gas seriously changes. Meanwhile, a Mach disk is
formed in the bottom ﬂow ﬁeld by the rocket gas, leading
to a sudden change of the center axial velocity at
x= 2.7 m in curve ‘‘5’’. Combined with Fig. 14(a), the
recirculation zone formed by the rocket gas is gradually
pushed by the propellant gas and moves toward the positive
x-axial direction in Fig. 14(c). Meanwhile, the radial length
of recirculation zone becomes much longer than the one in
Fig. 14(a). In addition, from the curve of velocity dis-
tribution, the axial range of the recirculation zone is about
x= 1.6–2.4 m.
The trend of the velocity distribution at t= 4.5 ms is nearly
in accordance with the counterpart at t= 3.5 ms. As shown in
Fig. 14(d), when the bottom of the missile is away from the
muzzle blast wave, Mach disk formed by the rocket gas disap-
pears. The upper and lower incident shock formed by the
rocket gas intersects along the center axis at about
x= 3.4 m, leading to the sudden change of the velocity ‘‘6’’.
Compared with Fig. 14(a) and Fig. 14(c), the recirculation
zone formed by the rocket gas continuously moves towardthe positive x-axial direction in Fig. 14(f), while its axial
length becomes gradually shorter than the one at t= 2.5 ms
and 3.5 ms. From the center axial velocity distribution and
the streamline distribution, it can be seen that the recirculation
zone becomes complete, independent and closed at this time.
The axial range of the recirculation zone is about x= 1.7–
2.4 m.6. Conclusions
The development process and ﬂow ﬁeld structure of muzzle
ﬂows including a gun-launched missile are analyzed in detail.
From the discussion in the above sections, the numerical
investigation can be summarized as follows.
(1) The propellant gas ﬂows, the initial environmental ambi-
ent air ﬂows and the moving missile mutually couple and
interact. A complete structure of ﬂow ﬁeld is formed at
the launching stages, including the blast wave, base
shock, reﬂected shock, incident shock, shear layer, pri-
mary vortex ring and triple point. There exists a high-
temperature zone near the contact surface (between the
propellant gas and the external air), which results from
the secondary combustion of the CO/H2 in the propel-
lant gas with the O2 in the external air.
Development process of muzzle ﬂows including a gun-launched missile 393(2) With the continuous motion of gun-launched missile,
the recirculation zone formed by the rocket gas is gradu-
ally pushed by the propellant gas and moves toward the
positive x-axial direction, and the radial length of
recirculation zone become much longer. A Mach disk
is formed in the bottom ﬂow ﬁeld by the rocket gas at
t= 3.5 ms but it disappears at t= 4.5 ms.
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